Purpose: This study evaluated the effect of light-emitting diodes (LEDs) on polymerization shrinkage and bottom-to-top hardness ratios of composites.
T he use of light-cured composite has dramatically increased in the past few years as a response to an increased demand for esthetic restorations. Light-cured materials possess a unique advantage over those that are chemically cured because they allow the dentist sufficient working time to manipulate the material. This advantage has resulted in light polymerized products that affect all phases of dentistry: restorative materials, cements, veneers, and provisional restorations. This effect is possibly due to the presence of photoinitiators, most of which absorb light in the blue range (450-500 nm). A quartztungsten-halogen (QTH) light source is the predominant type of light used to polymerize these materials. 1 However, in an effort to decrease exposure time and maintain depth of cure and physical properties of materials, more powerful lights, such as lasers and plasma arc sources, have been developed. The most recent light source type is the blue light-emitting diode (LED).
For maximum polymerization it is important that the light source emit radiation in wavelengths useful to the photoinitiators. 1 Polymerization shrinkage and variation in depth of cure are properties affected by the type of light source. 1 Polymerization shrinkage must be minimized because it is a potential cause of tensile stress between the restoration and the tooth. 2 Significant improvement in marginal adaptation was noted when resins were exposed to two different light intensities: a lower value for 30 seconds and then a higher value for 30 seconds. It was concluded that polymerization occurred at a reduced rate, which allowed for increased material flow while, at the same time, reducing contraction stress. 3 Composite restorations not maximally polymerized may develop marginal gaps allowing leakage of oral fluids, leading to postoperative sensitivity and discoloration. 1 Composites with a lower degree of resin conversion have resulted in bond failures, postoperative sensitivity, marginal staining, and recurrent caries. 4, 5 It is therefore important that the light source used adequately polymerizes the variety of restorative materials being used.
The effects of variable light intensity on composite shrinkage have been examined. A QTH source was used with two different sequences of increasing light intensity. One sequence was 25% intensity for 20 seconds, 50% intensity for 10 seconds, and 100% intensity for 10 seconds. The other sequence was 25% intensity for 10 seconds, 50% intensity for 10 seconds, and 100% intensity for 20 seconds. It was concluded that an initial light intensity of 25% reduced polymerization shrinkage in both sequences. 6 The reduced shrinkage seen with the use of soft-start techniques was due to lower contraction strain and reduced stress. 7 This reduction of stress and strain helps maintain margin seal and integrity. 8, 9 A QTH light source produces a wide spectral emission, including light in the visible spectrum, and then uses filters to eliminate all wavelengths except blue. 10 These lights are available with variations in power density as well as exposure modes. Some have a constant light output, whereas others have an initial low output that ramps up to maximum intensity.
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The depth of cure of a composite restoration can be affected by controlling the light intensity. The surface of a composite closest to the light source has the highest conversion, whereas the surface farthest away from the light source has the lowest. 11 Maximum wear resistance of a composite restoration requires that the composite be polymerized to its maximum extent. 12 The effect of light intensity on composite microhardness has been investigated using different light intensities that were achieved by varying the distance between the light tip and the composite. Power density was measured using a radiometer placed the same distance from the tip of the light as were the specimens. It was concluded that top hardness was unaffected by power density and that bottom hardness declined as power density decreased.
It has also been shown that LED light-curing units produce significantly lower top and bottom surface hardness values than do conventional halogen light-curing units.
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Others have also evaluated the depth of cure of composites exposed to varying light intensities. They concluded that the final 20 seconds of exposure should be at full light intensity to maintain ideal depth of cure. 6 These results support the claim by Rueggeberg and colleagues that when curing a 2 mm or greater thickness of composite, light intensity and exposure duration are the greatest influences on resin cure. 14 A power density of at least 300 mW/cm 2 is needed to adequately cure a 2 mm thick increment of composite. 15 Polymerization shrinkage of composite has been measured using a linometer as well as a mercury dilatometer. 16, 17 No statistical difference in values was found between the two methods. The linometer was found to be insensitive to temperature fluctuations and easy to use in the measurement of linear polymerization shrinkage. 6, 17 The purpose of this study was to evaluate polymerization shrinkage and surface microhardness of composites exposed to a variety of LEDs and a conventional QTH unit.
M A T E R I A L S A N D M E T H O D S
The first part of this study measured the linear polymerization shrinkage, and the second measured composite depth of cure. 
Part 1: Polymerization Shrinkage
The specimens consisted of uncured composite in a disk shape with a diameter of 5 to 8 mm and a thickness of 1.5 to 2 mm. Specimens were flattened on a glass slide coated with a separating medium (Al-Cote, Caulk/Dentsply Company, Milford, DE, USA) to allow the composite to shrink freely without being affected by surface adhesion. An aluminum target 10 mm in diameter and 1 mm thick, which was also coated, was placed on top of the specimen. This assembly was mounted in a vertical position to allow gravity to maintain the position of the target on the specimen. The target and specimen were positioned at a standard offset distance of 13 Am and within the This system precisely determines the position of a target relative to the system sensor via the use of electric current.
Seventy specimens of each composite were prepared and separated into seven groups of 10 specimens each. All specimens were positioned and exposed for 40 seconds using one of the curing lights, except the Zap dual light. The Zap dual light was activated in the dual mode, whereby the specimen was exposed for 5 seconds in LED mode and 12 seconds in dual (LED + halogen) mode. The distal end of the light guides were attached to a stand and held within 1 mm of the underside of a glass slide, thus standardizing the position of each light unit for all specimens (Figure 1 ).
The measuring system was calibrated with a standard 13 Am offset at the beginning of each measurement period. First a three-point calibration was performed on the hardware establishing the minimum (0 Am), midpoint (500 Am), and maximum (1,000 Am) distances to be measured. Then, a 21-point calibration of the software was performed, correlating change in probe response every 50 Am from the minimum distance (0 Am) through the maximum distance (1,000 Am). The linear shrinkage data was recorded as DL. The percentage of linear shrinkage (Lin%) was calculated using the following formula 6, 16 :
where DL is the recorded displacement in micrometers and L is the thickness of the specimen in micrometers immediately after polymerization. The Lin% was converted into a volumetric value (Vol%) using the following formula 6, 16 : Immediately following the last exposure, the specimen was removed and a dot was placed on the top of the specimen that faced the curing light. Then each specimen was numbered and placed in a dark container for 24 hours. Surface microhardness was determined using a microhardness machine (Knoop indenter, Tukon Tester, Wilson Instruments, New York, NY, USA), with a 200 g load applied for 40 seconds. Three hardness measurements were taken on both top and bottom surfaces of each specimen and averaged to provide the hardness value for each surface. The bottom-to-top (b:t) ratio for each specimen was then computed using the mean bottom hardness divided by the mean top hardness.
A two-way analysis of variance (ANOVA) for shrinkage and hardness values as well as an interaction effect was applied. This was followed by one-way ANOVA testing to determine whether there was a significant difference in parameter values among the curing lights for each type of composite. A two-tailed Dunnett's t-test was used to determine significant differences, with the Optilux 501 as the control. A Student's t-test was used to compare shrinkage and hardness of both composites for each light.
R E S U L T S
Polymerization shrinkage values are listed in Table 2 Hardness values are presented in Table 3 and include the b:t depth-ofcure ratio. t ratios were compared to the curing lights and composite types using a twoway ANOVA; the results indicated significant differences for both variables and the interaction at p < .05. A one-way ANOVA was then performed for each composite's b:t ratio for the light-curing units. For Point 4 the one-way ANOVA showed a significant difference at p < .001, and the two-tailed Dunnett's t-test showed the Versalux ( p < .001), Zap LED ( p < .001), and the Zap dual light ( p < .001) had significantly lower b:t ratio values compared with the Optilux 501. For Z250 the one-way ANOVA showed a significant difference at p < .001, and the two-tailed Dunnett's t-test showed the Versalux ( p < .001), Ultra-Lume LED2 ( p < .05), Zap LED ( p < .001), and the Zap dual light ( p < .001) had significantly lower b:t ratios than that of the Optilux 501. There was a significant difference in b:t ratio between composites for all lights tested except Ultra-Lume LED2 and L.E.Demetron I.
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D I S C U S S I O N
This study evaluated the polymerization shrinkage and b:t depthof-cure ratio of composites activated with multiple LED light-curing units and a conventional halogen light. The LEDs used in this study did not perform better than the conventional halogen light. If polymerization shrinkage were the only criterion to be considered, then it would be expected that all the lights tested would perform similarly in clinical application.
The one dual light used in this study had mixed results. Point 4 exposed using the Zap dual light had the least shrinkage. This result agrees with the findings of Dennison and colleagues that an initial low light intensity followed by high light intensity reduces polymerization shrinkage. 6 The Zap LED The lights with greatest power density polymerized composite the most at the depth of 2 mm. This result agrees with Pires and colleagues that bottom hardness declines as light intensity declines. 11 Two of the three light-curing units with external power sources, Optilux 501 and Ultra-Lume LED2, had power densities > 400 mW/cm 2 . These lights also had the highest values for top and bottom hardness, which supports Rueggeberg and colleagues' findings that light intensity is one of the greatest influences on resin cure in a specimen thickness of 2 mm or greater.
14 The Versalux had a power density that was below the recommended output (300 mW/cm 2 ) and resulted in the second lowest b:t ratio with both composites. The Zap LED performed as expected, owing to the fact that it is designed as a low-intensity LED to be used for the soft-start portion of stepped light curing.
The b:t ratio used in this study has limitations when comparing the ability of a light-curing unit to maximally polymerize a composite. For example, with Z250, the Elipar FreeLight had a b:t ratio of 0.92 (F 0.03), whereas the Ultra-Lume LED2 had a ratio of 0.89 (F 0.03). The Ultra-Lume LED2 had top and bottom hardness values greater than those of the Elipar FreeLight. The b:t ratio using the Ultra-Lume LED2 with Z250, was significantly lower than the same ratio for Optilux 501, even though the top hardness achieved with Ultra-Lume LED2 was within 0.21 KHN of that obtained with Optilux. With Point 4, the L.E.Demetron I had the highest b:t ratio 0.94 (F 0.03), whereas the Optilux 501 had a ratio of 0.92 (F 0.03). The Optilux 501 had a top hardness of 44.29 (F 1.01) KHN, and the L.E.Demetron I top hardness was 43.14 (F 1.14) KHN. Therefore the b:t ratio may be misleading, and the actual hardness number must be examined to determine a light's ability to adequately polymerize a composite.
C O N C L U S I O N S
The following conclusions can be drawn from this study:
There was no significant difference in polymerization shrinkage between LEDs and the halogen light for the Point 4 composite. 
